Abstract-In this paper, wideband high-efficiency Fresnel zone plate (FZP) reflector antennas are investigated and developed. Two simple dual-dipole unit cells with different periodicity sizes are first characterized for the design of Fresnel zone plate reflector antennas. The gain bandwidth of the FZP reflector antennas is then theoretically investigated using the two unit cells. Based on the results, a wideband high-efficiency FZP reflector containing 15 correcting zones is designed using the unit cell with a smaller size and quarter-wavelength correction phases. A standard pyramidal horn and a slotfed patch antenna are applied to feed the FZP reflector alternately. With a feed horn, the wideband high-efficiency radiation performance including a peak gain of 32.1 dBi and an aperture efficiency of 58.2% can be achieved. By using the designed planar feeder, a compact FZP reflector antenna can be obtained with compromised radiation performance. All are demonstrated by experiments.
INTRODUCTION
Printed reflectarray antennas [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] have been rapidly developed in the recent decade due to their advantages over their parabolic counterparts, including lower mass and volume, low profile, ease of manufacture, and possibilities of beam shaping and electronic beam controlling. Reflectarray antennas combine the benefits of parabolic reflectors and phased-arrays, and their applications can be found in millimeter-wave radar, communication and automotive cruise systems [11] . Generally, there are two types of reflectarrays: one is based on the continuous phase-correcting technique [2] [3] [4] [5] [6] [7] , and the other is designed using the Fresnel zone principle [8] [9] [10] . Reflectarrays with continuous phase compensation have relatively high radiation efficiency but need a phase correction range of 360 • , which would affect the element size and thickness. Fresnel zone plate (FZP) reflector antennas [8] [9] [10] [12] [13] [14] , however, have lower efficiency and hence gained fewer applications in the past. Recently, artificial materials and metasurfaces have attracted more and more attention due to their capability to manipulate the amplitude and phase of incoming waves. Thin phase-correcting lenses [15, 16] , which are low-profile, planar, and light-weight, are developed to exhibit a higher efficiency and can be applied to applications at microwave and millimeter-wave bands. Generally, planar FZP reflector antennas have the advantages of simple design principle, ease of fabrication and mounting, and hence low cost in some applications.
On the other hand, almost all the reflectarray antennas in the literature are fed by horn antennas [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , leading to bulky volumes. To make the reflectarray antennas and the corresponding systems compact and flat, planar feeding sources [17] or arrays are required.
The bandwidth of the reflectarray antenna can be normally improved by using multilayer designs [3, 4] or multiresonant elements [5] [6] [7] . Another effective method is to use compact subwavelength elements, as demonstrated in [18, 19] . One of the challenges using subwavelength elements in reflectarray antennas is fabrication tolerance, especially for those operating at millimeter-wave bands. To the authors' best knowledge, the compact subwavelength elements have not been studied in FZP reflector antennas. In this paper, single-layered dual-dipole unit cells with different subwavelength sizes are applied to study the bandwidth improvement of FZP reflector antennas. Numerical simulations are carried out to exhibit the bandwidth enhancement by employing the compact subwavelength unit cell. Based on the study, an offset-fed FZP reflector antenna with a single-layered dual-dipole unit cell of λ/8×λ/4 is developed and fabricated. The measurements demonstrate that both broad gain-bandwidth and high efficiency, which is comparable to normal high-efficiency reflectarray antennas, are achieved. In addition, a planar feeder is developed, and a center-fed FZP reflector antenna is constructed and tested.
UNIT CELL DESIGNS FOR FZP REFLECTORS
A single-layered dual-dipole unit cell has been proposed [20] [21] [22] to investigate the reflectarray antenna with continuous phase compensation. As shown in Fig. 1 , the concerned unit cells consist of one dielectric layer, two metallic dipoles, and a conducting ground. The two metallic dipoles, which have different sizes, are printed on the two sides of the dielectric layer. An air gap, with a height of h, is inserted between the dielectric layer and the ground. By controlling the lengths (L b and L t ) of the two dipoles of each unit cell periodically forming the FZPs, the required compensation phases can be obtained. The characterization of the unit cells and the simulations of the FZPs below were carried out using the commercial software Ansys HFSS.
In order to investigate the gain bandwidths of the concerned FZPs, two unit cells with different sizes are applied. Figs. 1(a) and 1(b) depict the two unit cells, respectively, which have similar configuration and size in x direction but different sizes in y direction. In practical designs, the surface sizes of the two unit cells are λ/4 × λ/4 and λ/8 × λ/4, respectively. In this work, the design frequency is 24 GHz. An Arlon AD255 substrate, which has the dielectric constant of 2.55 and thickness of 0.5 mm (t), is used to construct the FZPs. The other parameters are: d = 3.125 mm (0.25λ) and h = 1 mm. To achieve a stable and smooth reflection phase range, the dipole length on the lower side of the substrate, L b , was set to be a constant, while that on the upper side, L t , was varied. It was expected that the required 
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Design Principle of FZP Reflectors
When designing Fresnel zone plate reflectors, the reflectors are divided into zones where constant phases are applied to compensation, as shown in Figs. 3(a) and (b), which depict a center-fed and an offsetfed Fresnel zone plate reflectors, respectively. The compensation phases ϕ i for the center-fed one are determined by the phase correction step, integer P , while the phase correction order and the radii of Fresnel zones are related using classical formulas
(1)
where f is the focal length, i the order of the Fresnel zone, λ the free space wavelength at the center frequency, and P the number of phase correction. The Fresnel zones include a centered circular zone and many concentric circular ring zones, whose widths are determined by (r i − r i−1 ) and will decrease with the increase of the order i. Different from the focusing antennas designed using the phasecorrection techniques, which requires a large number of basic elements to provide almost continuous phase compensation from 0 • to 360 • , the number of elements the FZP reflectors needed is equal to P . The bandwidth and efficiency performances of the FZP reflectors are improved when the number P increases [7] [8] [9] [10] . However, due to the limitation of element sizes, most FZP antennas, including reflectors and lens, need more complicated elements to accommodate the Fresnel zones to perform the phase correction when the number P increases [2] , resulting in difficulty in fabrications, especially at millimeter-wave bands.
(a) (b) 
FZP Reflector Designs and Simulated Results
In the characterizations of the two concerned unit cells in Section 2, over 180 • reflection phase ranges are obtained. Three reflection phases, −90 • , 0 • , and 90 • , are able to be applied to the phase correction. Therefore, quarter-wavelength FZP reflectors (P = 4) can be designed using the two unit cells. The rest correction phase of 180 • in the quarter-wavelength FZP reflectors can be easily obtained by using metallic patch. Fig. 4 shows two elements that are composed of a thick metallic patch and four unit cells shown in Section 2. They have the same dimensions but differently polarized incident waves. As shown in Figs The two antenna designs were simulated by the commercial software Ansys HFSS. The simulated gains are plotted in Fig. 6 . It can be seen that both antennas have similar peak gains, about 26.5 dBi, while the gain bandwidth of Antenna II is apparently better. The 1-dB and 3-dB gain bandwidths are 8.0% and 24% for Antenna I and 19.2% and 33% for Antenna II. The simulated radiation patterns are shown in Fig. 7 . It can be seen that both antennas have very low cross-polarization levels. Antenna II has lower sidelobe levels than Antenna I in both E and H planes. With a compact unit cell, Antenna II exhibits better gain bandwidths and sidelobe levels, without compromising other radiation performances. 
PROTOTYPE AND MEASUREMENT RESULTS
FZP Reflector Fabrication
After the theoretical demonstration of the radiation performance of the FZP antennas based on the two unit cells of different sizes, an FZP reflector prototype formed by cell 2 was fabricated. The prototype has 15 Fresnel zones totally, and the diameter is 210 mm. The designed metallic arrays are printed on an Arlon AD255 substrate, which has a dielectric constant of 2.55 and thickness of 0.5 mm, as shown in the inset of Fig. 8 . The total thickness of the FZP reflector is 1.5 mm or 0.125λ (where λ is the free-space wavelength at 24 GHz). The primary source feeding the FZP reflector will be placed 105 mm away from the reflector. The value of f /D is 0.5. It is well known that the influence of the feed blockage will seriously affect the measurement results. On the other hand, almost all the feeding sources of reflector antennas in literatures are horn antennas or open-end waveguides [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , leading to bulky volumes. To make the reflector antennas compact, it is necessary to investigate the application of planar feeding sources to reflector antennas. In this section, two different feeders, a standard pyramidal horn and a planar slot-fed patch antenna, are alternately applied to feed the FZP reflector. Measurements are carried out for FZP reflector antennas with both feeders. 
Offset Horn Feeder and the Measured Results
The measurement setup of the FZP reflector antenna prototype in an anechoic chamber is shown in Fig. 8 . The far-field measurement system was applied to obtain the radiation performance. A standard linearly-polarized gain horn is first used to feed the FZP reflector. In order to investigate the effect of the feed blockage and the beam-steering performance, the horn is placed with offset angles of 0 Fig. 9(a) , though the gain reduction is observed with the increase of the offset feeding angle. Compared to the result with the offset angle of 10 • , which exhibits the best peak gain, the measured results show gain reductions of about 1.4 dB and 3 dB for the offset feeding angles of 20 • and 30 • , respectively. The effects of the feeder blockage for the center feeding case and the gain reduction for the different offset feeding cases can also be observed in the measured radiation patterns in the H plane shown in Fig. 9(b) . It is also observed that the sidelobe level for the 10 • beam case is about −14 dB in the E plane and −20 dB in the H plane. With the increase of the offset feeding angles, the sidelobe levels will deteriorate in the E plane. The patterns in the H plane exhibit better sidelobe levels, which will not change much with the change of the offset feeding angle. It can be seen that the reflectarray in Fig. 8 is designed to be a center geometry, which needs a symmetrical illumination to exhibit good radiation performance, as plotted in Figs. 6 and 7. The offset feed in Fig. 8 generates asymmetrical and symmetrical illuminations in the E and H planes, respectively, resulting in the different sidelobe levels in the two planes. The sidelobe levels in the E plane can be reduced using the reflectarray with an offset geometry.
The gains with the three offset feeding angles are measured and depicted in Fig. 10 . The aperture efficiencies are estimated based on the measured results and also plotted in Fig. 10 . The results with 10 • offset angle give the best gain, 3-dB gain bandwidth and aperture efficiency, which are 32.1 dBi, 24.9%, and 58.2%. Table 2 summarizes the measured performance of the FZP reflector antenna. 
Planar Antenna Feeder and the Measured Results
In order to obtain a compact FZP reflector antenna, a planar slot-fed patch antenna (SFPA) is designed to feed the FZP reflector. Fig. 11 shows the geometry of the slot-fed patch antenna, which consists of two substrates stacked with no air gap, a microstrip feedline on the bottom surface of the lower substrate, a ground with a rectangular slot on the top surface of the lower substrate, and a rectangular metallic patch on the top surface of the upper substrate. As shown in Fig. 11 , the microstrip feedline will feed the rectangular patch through a rectangular slot on the ground. Both substrates use F4B, which has a dielectric constant of 2.55 and thicknesses of t 1 and t 2 , respectively. The parameters of the antenna are shown in Fig. 11(a) . The final dimensions of the SFPA are: L p = 34 mm, W p = 16 mm, L 1 = 5 mm, W 1 = 3 mm, L a = 4 mm, W a = 0.3 mm, W f = 1.8 mm, L s = 1 mm, t 1 = 0.5 mm, and t 2 = 1.5 mm. A prototype is fabricated and shown in Fig. 11(b) . The planar feeder prototype is first measured, and the results are depicted in Fig. 12 . The return loss larger than 10 dB is obtained from 20 GHz to 25 GHz, as shown in Fig. 12(a) . The measured radiation pattern in the H plane is plotted in Fig. 12(b) , together with that of the standard horn for comparison. It is apparent that the SFPA has a wider beamwidth. The measured peak gain is about 7 dBi. The slot-fed patch antenna is then used to feed the above FZP reflector. In this case, the planar feeder is placed above the center of the FZP reflector, with a distance of 105 mm and no offset angle. The center-fed antenna was measured. The radiation patterns at 24 GHz are depicted in Fig. 13 and exhibit reasonable shapes. The effect of the feeder blockage cannot be observed in the patterns. However, the sidelobe levels, both in the E and H planes, are higher than those when using the feed horn. The gains of the FZP reflector antenna and the SFPA only are plotted in Fig. 14 . With a peak gain of 26 dBi and 1-dB gain bandwidth of 14%, the peak efficiency, also shown in Fig. 14 , is reduced to be 14.6%.
Due to the use of the SFPA, the gain and efficiency of the FZP reflector antenna are reduced. The SFPA has a wider beamwidth than the standard horn, outstanding different beamwidths in E and H planes, a different phase center, and asymmetrical radiation patterns in the E plane, which will deteriorate the radiation performance of the FZP reflector antenna, because the FZP reflector is designed based on the phase center of a standard horn that has the symmetrical radiation patterns and the special −10 dB beamwidth. Among them, the phase errors caused by the different phase centers of feeders would seriously affect the performance of the antenna. With the fixed focusing length (105 mm) the wider beamwidth will cause extra spill-over loss and hence decrease the aperture efficiency.
To improve the aperture efficiency, a planar antenna with symmetrical radiation patterns is considered. A 2 × 2 antenna array, which has relatively symmetrical radiation patterns in both E and H planes, a −10-dB beamwidth of 85 • in both E and H planes, and a gain of about 10.5 dBi at 24 GHz, is applied as the feeder of the reflectarray. Simulations from Ansys HFSS show that outstanding improvements on the aperture efficiency are obtained. With a focusing length of 115 mm, an aperture efficiency of more than 40% is achieved, which is close to those when using a horn as the feeder in Section 4.1.
CONCLUSION
Unit cells of different sizes exhibiting similar reflection phase ranges are applied to investigate the highefficiency Fresnel zones plate reflector antennas. Theoretical simulations show that the FZP reflector antenna formed by the compact unit cell will provide a better gain bandwidth and higher gain and aperture efficiency. A high-efficiency FZP reflector antenna with different offset feeding angles is then designed, fabricated, and tested. The measured results show that a peak gain of 32.1 dBi, an efficiency of 58.2% and a 3-dB gain bandwidth of 24.9% are achieved with a standard feed horn. A planar slot-fed patch antenna is also developed to feed the FZP reflector to make the antenna compact and flat. The measurement results achieve a peak gain of 26 dBi and an efficiency of 14.6%. Further development of planar feeder will be carried out to achieve compact high-efficiency FZP reflector antennas, especially operating at millimeter-wave bands.
